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THE INFLUENCE OF LATERAL STABILITY ON DISTURBED MOTIONS OF AN
ATRPLANE WITH SPECIAL REFERENCE TO THE
MOTIONS PRODUCED BY GUSTS

By RoBeErT T. JoxEes

SUMMARY

Disturbed lateral motions hare been calculated for a
hypothetical small airplane with rarious modifications of
fin area and dihedral setting. Special combinations of
disturbing factora to simulate gusts are considered and
the influence of lateral stability on the motions is discussed.

The modificatione of the airplane include changes of
dihedral from 0° to 10° and changes of the weathercock
stability from zero to Cy=0.187 (the equiralent of a fin
as large as 10 percent of the wing area). The positions of
the modified airplanes on the lateral-stability charts are
shown.

Fin area and wing dihedral were found to be of primary
importance in side gusts. It was found that the rolling
aciion of the wing with as much as 5° dihedral was dis-
tinctly unfarorable, especially when the weathercock sta-
bility was small. It 18 pointed out that the greatest sus-
ceptibility to lateral disturbances lies in the inherent
damping and coupling moments dereloped by the wing.

INTRODUCTION

Inherent stability, as defined in mathematical treat-
ment, must be considered only one of several essential
flying qualities of an airplane. Other important qual-
ities belonging in this category are steadiness in rough
air and responsiveness to control. Although the
different flying qualities depend largely on the same
governing factors, they may not cell for similar pro-
portionings of the factors. It is known, for instance,
that the requirements for stability and control may
conflict.

What is ultimately desired, or course, is & definite
understanding of the individual requirements for sta-
bility, control, and steadiness in rough air. Most of
the earlier work has been devoted primerily to the study
of stability alone. A noteworthy early work on the
effects of gusts is that of Wilson (reference 1). Mlore
recently the results of an investigation dealing with the
effects of different degrees of stability on the motions
following assumed initial conditions have been pub-
lished (reference 2). The purpose of the present work
is to study the amplitudes of the motions set up by
gusts or other disturbences, particularly insofar as these
motions are affected by the lateral-stability character-
istics. It is hoped that the study will be useful in

indicating combinations of stability characteristics
that result in good riding qualities.

The mathematical treatment employed is, in prin-
ciple, an extension of that used by Wilson and other
early writers. The methods of calculation are, however,
more concise and the development is not restricted to
special types of gust. The operational method of
resolving the effects of disturbances was used. (See
reference 3.)

According to the theory, the motion caused by any
random variation or sequence of the disturbing factors
may be built up by superposing the effects of abrupt
unit increases of the disturbance, which corresponds, in
the case of gusts, to the effects of elementary sharp-edge
cross-currents. Thus the effects of random gustscan be
largely visualized in the effect of & unit sharp-edge gust.

STABILITY FACTORS ASSUMED

The chief differences of lateral stability considered
were assumed to be brought about by changing the fin
aree. and dihedral of & hypothetical smell monoplane.
Differences in other proportions of most airplanes of
conventional form have only secondary effects (in
unstalled flight) and, furthermore, are not usually die-
tated by considerations of stability. The exact arrange-
ment of the hypotheticel airplane, such as the vertical
disposition of the wing with respect to the fuselage,
may be taken as indefinite. Differences of arrange-
ment can, of course, have Iarge secondary influences on
the action of the fin or dihedral, which are usually
attributed to aerodynemic interference. It is reason-
able to assume that the effects of such interference will
be similar to the effects of actuel changes in the size
of the fin or the amount of dihedral.

The airplane assumed in the calculations is a small
1,600-pound monoplane having rectangular wings with
rounded tips. The other proportions, including the
radii of gyration about various axes, the tail length, etc.,
sre based on average values of these quantities for a
number of conventional machines. The stability deriv-
atives and other characteristics of the airplane are
essentially the same as those used in reference 4, except
for the differences of fin area and dihedral, and apply to
power-off flight. The axes and symbols employed
throughout are given in deteil in reference 4. Addi-
tional symbols that occur in this report are given in the
following list: so7
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X, Y, and Z, axes fixed in the airplane so that X
points into the relative wind in steady flight. (See
report cover.)

U,, steady-flight velocity.

p=tan~! o/U.

Derivatives (see report cover for formulation of
coefficients):

0,,=%; side force due to sideslip.

0,,=%%': rolling moment due to sideslip.

C’.,=-aa-—%: yawing moment due to sideslip.

0,,,=—agi-; rolling moment due to rolling.

20,
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05;@00, : yawing moment due to rolling.
a
2 (3

C’;,=-'a—fb‘-s rolling moment due to yawing.
o]
20,

0.,=-—a—(’f1b"-: yawing moment due to yawing.
am
1 2L

'y O
No=L 2N,

'_m g’ oY)

It was found convenient to designate the five cases

of modification by symbols representing the different

front views of the airplane. Table I gives the stability
coefficients assumed in each case for flight at three

L,

| different lift coefficients.

TABLE I.—ASSUMED STABILITY COEFFICIENTS
(5, 32 ft.; m, 49 slugs; &, 171 8q. ft.; kx, 0.150; ks, 0.1835)

Batloof | pmeara 2 2, 26, 2C
Case vectiosl angle Gy G(Lps) 2P Y] > w75 | Cu= Crp=
fnarceto| (aeg) 0 %% R 74 7/ w !

S -
0.04 50 038 150.0 ~0.425 . 0. 088 —Q. 007 -0 022 -0, 078 0 -0, 2268
100 8.8 —. 420 .250 —.088 -, 088 —. 001 [] -, 258
L80 08.0 —, 442 442 —. 130 - 074 -, 190 0 -1
L B 08 50 .38 150.0 —. 425 . 088 —. 067 - 029 -. 007 084 -, 374
100 88. 8 —. 420 . 250 —. 088 —. 056 -, 100 .087 - 410
180 6.0 —. 442 42 —. 130 —.07é -, 20 088 - 08
.19 50 .35 180.0 —. 485 .088 —. 067 -, 022 - 130 .102 - 378
—t— L00 88.5 —. 420 250 ~. 088 —. 038 —, 148 .108 -, 484
180 08.0 —. 442 442 -—. 130 —. 074 — s 137 -, 930
06 0 .85 150.0 —. 425 .088 0 - 032 -, 087 064 - 274
100 88 5 —. 420 .25 0 — 038 ~. 108 067 — 410
U S A L80 66.0 —. 442 442 13 —. 074 —. 120 .088 —. 508
08 10.0 85 150.0 — 438 .086 -, 187 —. 022 -, 007 064 - 574
| % | CE| B ZE| B |E| & )|

- . — — - . —
v

These coefficients were estimated from the outward
characteristics of the airplane by methods described in
reference 4. The derivetives Cu,, Ch,, and Cy, (corre-
sponding to the yawing moments in sideslip and in
yawing and to the side force in sideslip) were assumed
to be affected by the changes of fin area. Onuly the
derivative C, (corresponding to the rolling moment in
gideslip) was assumed to be affected by changes of
dihedral. The effect of dihedral on the lateral force in
sideslip was neglected inasmuch as it was found that a
compensating error was introduced by the absence of
the side force due to rolling in the equations of motion.

Another omigsion is the small gdverse effect of dihedral.

angle on the weathercock-stability factor O, This
effect is small, particularly in view of the wide varia-
tion of Cy, assumed. At a lift coefficient of 1.8, repre-
senting low-speed flight, a full-span flap was assumed.
Teste show that the effect of such_ a flap is to increase
the weathercock-stability factor somewhat for the wing
alone. In practice, the flap might interfere with the

air flow over the fin so that the increase of C, assumed
in this condition would not be realized.

Figure 1 shows the positions of the modified airplancs
on the lateral-stability diagrams. These dingrams are
essentially similar to those given in reference 5 except
that a simultaneous increase of C,, with Cy; was assumed
to show directly the effect of increasing the fin area.

The value recommended by Diehl (reference 6) for
C,, works out to about 0.03 for the wing loading
assumed here. Limits mentioned by Millikan (refer-
ence 7) correspond to 0.08>>C,,>0.06. Nearly all
designers are familiar with the limits of L,/N, for satis-
factory lateral stability given by Korvin-Kroukovsky
(reference 8). Figure 1 (a) shows these limits in terms
of Ciy and C,y. Itshould be mentioned that Korvin-
Kroukovsky’s formulas are more suited to the empirical-
statistical analysis in which they were employed than
to the determination of absolute values of C,,/C), for
this stability chart. In most cases, wind-tunnel tests
show values of C,, smaller than those predicted so that
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| the specified range, if given in wind-tunnel values,

would probably fall somewhat lower then indicated in
figure 1.

The value Cy,=0 does not, of course, correspond to
an airplane with no vertical teil surface. Experience
has shown that the unstable yawing moment of a large
well-streamlined fuselage may entirely offset the stabi-
lizing action of a fairsize fin. This occurrence is natu-
rally more probable if the fin area is originally small;
hence the smallest area likely to be used in a modern
design (4 pereent of the wing area) was chosen to repre-
sent the condition.

It is, in general, difficult to predict the values of
either C,, or O, for a given design. It will be realized
that the corresponding values of fin area end dihedral, as
referred to in this report, apply only under certain
idealized conditions and are employed primarily as &
matter of convenience in fixing idess on the problem.
Reference 9 gives a summary of test values of Cy,
including & discussion of pertinent factors and drawings
of the models tested. The data included in that paper
ghould aid the designer in judging the weathercock
stability.

INFLUENCE OF LATERAL STABILITY ON MOTIONS DUE
TO ARBITRARY DISTURBANCES

GENERAL DESCRIPTION OF LATERAL MOTIONS

The equations of lateral stability generally show two
reel roots together with one conjugate complex peir,
indicating three “modes’ of motion. Different disturb-
ances will result in motions compounded of these
three modes in different proportions.

Table II lists the roots, or stability indices, for the
various cases considered. The first mode (correspond-
ing to theroot \;), represents primarily the heavy damp-
ing of any movement involving rolling of the wings rela-
tive to the air. At normel flight speeds, this damping
is such that the wings are in a lerge measure con-
strained against such relative movement normal to
their chords.

TABLE II.—STABILITY INDICES, RATES OF DAMPING, AND PERIODS

[a=a5i]

—0.59 (0.006 or T

Cuse ce N N v ¢ e b %

( iG] € “

— 0.3 —8. 47 0. 139 —{. 4100 41,045 —0.1720 4.01 0. 708 223
L0 —3.285 212 —. 2074 4233 —. 1388 £08 8L L9007

18 -1 533 -473 -, 0030 ¢ 113 —. 1704 3.88 . 8868 L8
—~—r— -3 —5.412 .13 —00% 15.0 — 405 1L® 145 <6l
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The valus —0.60/\ represents time to b
{a%nm.ﬂn; uss 0.085 for time {0 inorease by 1/10 when M Is poaitive.
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The second mode distinguishable in the lateral
motions (corresponding to \,) is a practicelly contin-
uous turning motion, which may either converge or
diverge. Normal stability of this mode represents the
slow natural recovery from a banked turn. The rate
of increase or decrease of the turning motion is slow,
primarily on account of the insensitiveness of the air-
plane to displacement in bank and the strong resistance
to rolling motion. The slow spiral always occurs with
inward sideslip.

The third mode (A,) is the familiar oscillation, con-
sisting usually of a yawing end sideslipping motion.
Such rolling as occurs in the oscillation is determined
by the tendency of the wings to follow a path outlined
by the dihedral in front view. The wing, when side-
slipping, tends strongly to roll in & way involving the
least angle-of-attack change along the span. ‘Thus the
oscillations involve a “weathercock’” motion combined
with a rolling nearly in phase with the sideslip.

With fairly large fin area, the oscillations are rapid
and are quickly damped. Under most conditions the
amplitude is small. As the fin ares is reduced, how-
ever, the period becomes slower and, with normal
dihedral, the oscillation takes on the character of a
swinging in bank and sideslip under the action of
gravity. The point of instebility is reached when the
oscillation degenerates to an almost pure rolling and
sideslipping motion, so that the damping derivative in
yawing, Ca,, has-little effect on the occurrence of
undamped oscillations. As has been shown (reference
4), unstable oscillations can readily occur if the airplane
is constrained in yawing.

Although both the oscillation and the slow mode of
convergence are largely governed by the fin area and
the dihedral, the rapid convergence A\, is practically
independent of either of these factors. The damping
comes, of course, from the wings and is an inherent
characteristic of conventional airplanes. This damp-
ing is excessive and is undesirable, since it indicates
great sensitiveness to rolling gusts or to vertical gusts
with a gradient along the wing span. The damping of
rolling can be reduced by increasing the lateral moment
of inertia, but the possible improvement appears to be

smell.
CALCULATED MOTIONS

The equations of motion of the airplane form e linear
system so that the effects of disturbances can be com-
pounded by addition. Thus, if any sequence of appli-
cation of forces or couples to the airplane is given, it is
possible to compute the resultant theoretical motion at
any instant by addition, or integration, of separate
effects. The impressed forces or couples mey be due
to confrol manipulation or to gusts, alone or in com-
bination.

The foregoing statement refers to a resolution of the
impressed disturbances along the axes fixed in the air-
plane. The disturbances are assumed to take on pre-
assigned values independent of the movements of the

girplane.
turbances do remain practically independent of the
motions. The orientation of the gusts is not dependent
on the motion of the airplane, and deviations caused by
such outside disturbances will introduce changes in the
magnitudes of the disturbing factors themselves. For
small displacements, these changes are of sccond order
and are negligible. For large displacements in gusts it
may, however, be necessary to carry out the ealculation
in several steps, altering the magnitude of the disturb-
ance as the orientation of the relative wind changes.

The data needed for the computation of motion under
any given set of conditions are the histories of motions
following sudden unit disturbances. Computations of
such unit motions were made during the course of the
investigation reported herein and the results were used
as the basis for the more complete caleulations given
later.

Specifically, the unit disturbance referred to is a
force (Y) or a couple (L or N) having the value zero
up to the time =0 and mainteining a constant value
thereafter. The magnitude is such as to cause a
unit linear or angular acceleration of the airplanc.
According to well-known mathematical rules, the
motions under such conditions are given by equations
of the form

Pr({t)=Dr+ DM+ Prae™i-praett cos b(t4-t,y) (1)

where pyo, Pr1, and f,y are constants, caleulated valucs
of which are given in table III, and A;, A, a+1b, and
a—1ib are the roots, or stability indices. (See table
II.) Three components of motion for each of three
component disturbances are given. Thus, py(f) denotes
the rolling velocity due to o unit side disturbance
and rr(f) denotes the yawing velocity due to a unit
rolling disturbance.
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Plots of thess equations were made with scarcely
any additional computation. The procedure is illus-
trated by figure 2. First the coefficients, as given in

With conventional control devices, the dis-
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TABLE JII.—EQUATIONS OF MOTION FOR UNIT DISTURBANCES
[Pe() =opartoriedHpran s +apaeel 0on B(E+HEwr); ete.]

Bideslip Rolling Yawlng
[47 s—Dus Lo slde distnrbanos
"re b ) n fy Pry Py, P Pn ar ™n ™ T "rs o~
0.38 0041 0, 5088 ~1, 6830 1.788 0 —{0, 00178 —0, 00683 0, 01648 1,600 0 ~={), 00007 0,00880 [ —O0, 00880 0, 284
1.0 - , 858 -Lﬁ L413 0 -_ —, 0408 » 01688 '] =, 00041 . (0608 ~—, 00885 -, 080
18 -~ 067 087 -L410 1,860 0 — —, 00497 02300 1.238 0 ~, 00118 .m -, 00068 . 138
30 -, 0033 . 1300 - . B0O 0 -, 00171 ~—, 00081 . 00393 a3 [ =, 00008 N —. 00580 -, 088
LO —, 031 274 -, 582 .088 0 -, 00414 00150 . (0804 . 748 0 ~, 00030 . 00878 —, DOBSY - 178
L8 f -, 058 ,440 -, 565 . 518 0 —, 00734 , 001509 L0 ’ 0 -, 00000 . 00075 -, 002 -, 297
.38 ,1871 ~—, 0027 ~,B810 L0l | ~—.00018 | -.00100 . 00898 1818 ,00625 | —,00040 0 ~—, 00638 -, 070
1.0 D -, 0100 2350 -, 4570 . B87 Q ~, 004338 . 003N, f 029 0 —, 00012 . 00008 -, 00030 -, 158
L8 -, (M8 342 —, 459 A79 [1] -, 00770 00338 0110 020 0 ~, 00087 . 00070 -, (108 —~, 288
.88 -, 0008 . 1087 -, 4200 488 0 ~, 00038 , 00138 -, 00134 ~-~, 503 0 —, 00001 » 00033 ~—, 00080 - 110
LQ -, 0087 .3810 —, 340 . 680 0 -, 00158 o 00480 -, 00881 -, 81 0 -, 00010 » 00834 —.m -, 801
1.8 44 A8 -, 529 403 0 ~—, 00485 » 00080 -, 0108 -, 098 0 -, 00085 . 00738 -— —, 503
N ] —.% 1208 -, 3430 487 [1] ~, 00308 -, 00142 . 00746 408 0 ~, 00010 . 00007 ~—, 00600 -, 008
1.0 - . —, 5000 . 060 0 -, 00801 —, 00044 01338 . 887 0 —, 00041 o 00848 —, 008 -, 118
L8 -, 057 229 —, 537 . 012 0 -, 00000 —, 002268 . 01758 511 0 —_ . 00000 -, 00053 ~, 149
b—Dus to rolling distorbanas
Cr ’, L " LN te P, P, 2, r, L. T " T T tm
0,88 18, 490 —0. 401 3,088 —22, (85 -0, 419 ~0, 17003 —&&ﬂg! 0, 23000 —0, 853 [1] ~0.0074 60,0100 | ~0.04008 ~1,870
L0 28, 800 -1, 7B68 42,9988 .| —96, 332 — ~, 3787 — 3388 — 1 0 -, 08030 . -, 11190 -1,833
L8 21, 088 —~8.453 &, 385 ~28, 118 —, 528 -, 31 —, 481 4388 - 0 ~—, 0078 . —, 1247 —L 744
,38 114,008 -, 8% —114. 570 -1, 008 ~, 8588 -, 1700 1060 0105 —, 897 4,682 ~—, 0050 (3007 a0
L0 —32, 898 =L 4008 87.3 —5.08 —. 53 -, 3701 . 0843 — 400 | —1.24 — 019 1,108 . 008 470
L8 ~06, 222 -3, 238 70,007 =730 —, B74 -, 3007 . . 1877 —_ =1, 6187 -, O . 1817 383
.88 N -, 314 . T84 ~1, 138 —. 398 1783 -, 1783 0108 -, B50 ~, 01268 -—_ f . 00230 « W7
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10 L L104 8, LM 0, 00 -, M8 1049 . 0nas —, 848 . 508 Q 0138 1214 -, 6383 N,
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table I1I, were marked off on the ordinate scale. The
time intervels within which the various modes diminish
or increase by one-half, or by one-tenth in the case of
Ms (see table II), were then spaced off on the ahscissa
and points on the curves were found by diminishing
or increasing the ordinates successively es indicated
by the sign of the root. The oscillatory mode wes
obtained by drawing in the envelope (given by *pmn,
say) and spacing off the quarter periods, beginning at
the point indicated by the phase angle of this mode.
The cosine curve was then simply sketched in as shown.
The final curves were found to give remarkably good
checks when applied in the original differential equa-
tions of motion. Such a check shows the correctness
of both the method of plotting and the analytical
golutions (equation (1) and table IIT).

If the impressed disturbance is given as & function
of ¢ by a curve, it will usually be sufficient to approxi-
mate this curve by the addition of a number of succes-
sive positive end negative steps. The combination of
steps necessary to reproduce the disturbance leads
directly to the addition of the elementary motions for
the resultant motion. Otherwise, for example, if the
variation of disturbance is given by L(#), then the re-
sultant motion p(f) at any time # due to L(f) beginning
at =0 may be found by Duhamel’s theorem, thus

P(t) due to sariadle relling -mnl=PIo(t) L(O)

+ fim—t) L' @) @)

where p;(t) and p.({—%) are obtained from table IIL.
An explanation and a graphical method for evaluation
of such integrals are given in reference 3.

MOTIONS IN SIDE GUSTS

The motion caused by & unit increment of gust
velocity is found by compounding elementary distur-
bances in such a way as to simulate the disturbing action
of the gust. Thus, in a side gust of velocity v, the dis-
turbing acceleration along Y will be nY, and angular
disturbances will be %,L,, %lV,.

As explained before, the effects of any usual variation
of gustiness can be largely foretold from the effect of a
unit sharp-edge gust. The varieble gust can be built
up from small increment, jumps of gust velocity corre-
sponding to sharp-edge cross-currents and the final
motion will approach that obtained by superposing the
motions due to the individual elements.

The effect of a sharp gust from the side is similar to,
although not exactly the same as, the effect of an initial
angle of sideslip. For the side gust, it is necessery to
take account of the period of penetration of the airplene
into the current. The first effect will be to push the
nose of the airplane downwind whereas an instant later
the current will strike the fin, turning the machine into
the gust. The action of dihedral in causing the ma-
chine to roll away from the gust will also occur before
the fin is affected. These effects are, however, of short
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duration and do not alter the motion to any great extent
after the first fraction of a second, except in cases of
smell weathercock stability where the fuselege con-
tributes & large unstable yawing moment.

The computations that follow are based on the as-
sumption that the rolling action of the gust begins at
t=0 and that the yawing action begins when the air-
plane has traveled far enough to carry the fin into the
current. The case of C,,=0 was treated by assuming
& yawing couple equel and opposite to that of the 4-per-
cent fin applied when {=0, this couple being neutral-
ized at the instant the fin entered the gust.

A possible further refinement of the calculations
would involve the delay in building up the full lift forces
on the various surfaces. Mathematical methods for
dealing with various lags or rates of growth of the acro-
dynamic reactions have been developed, but their
description is beyond the intended scope of the present
report. It may be said, however, that, for motions as
slow as the natural oscillations of a rigid airplane, this
effect (judging by the theoretical predictions) is quite
negligible. .

Figure 3 illustrates the results of the calculativns
based on a 10-foot-per-second sharp-edge side gust.
The curves shown are for flight at C,=1.0 but the
same general trends appeared in the calculations made
for other lift coefficients.

The most noteworthy difference shown is the effect
of deficiency of fin area on the banking motion (figs. 3
(a) and 3 (b)). The airplane with 10° dihedral and
average fin was not displaced so much in bank by the
side gust as was the airplane with 5° dihedral and e
gmell fin. The initial rate of rolling, however, was
greater with the greater dihedral.

With a given dihedral an increase of {in area cuts
down the banking motion although, after a certain
size is reached, the gain becomes slight, as is illustrated
by figure 8 (a). With neutral weathercock stability
(fig. 8 (c)) the change of heading on entering the gust
is at first small and, although the motion is stable, the
oscillation in azimuth seems to be reinforced for a
time by the rolling. This action is to be atiributed to
the phase lag between the rolling and the yawing cffects
upon penetrating the sharp-edge current. It scems
probable that an appearance of inherent instability
may be reached at a point considerably above the
mathematical limit for undamped oscillations. (Sce
fig. 1.) It is known, for instence, that unstable oscil-
lations may result from an attempt to hold the wings
level with ordinary ailerons unless (), bas a definite
positive value.

The side gust is equivalent to a sudden shift in the
wind direction, corresponding to a chenge in azimuth
vo as indicated in figure 3 (¢). The normal eirplane
swings about and tends to approach this heading. It
will be noted that the airplane with the large fin turns
fairly sharply into the wind and, sinece the banking
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motion is small, tends to keep the same flight path
relative to the earth for a short time. After about 6

seconds, however, the spiral divergence begins to be.

apparent and the motion finally results in turning
downwind.

An example of extreme spiral divergence is illustrated
by the airplane with no dihedral. In this case, how-
ever, the airplane banks and turns directly upwind.
The airplane with large dihedral illustrates the oppo-
site condition and shows the predominance of oscilla-
tions that generally characterizes the effect of dihedral.
Here the airplane tends back toward its original azi-
muth heading, drifting sidewise with the gust.

The airplane with 5° dihedral banked rather sharply
away from the gust, whereas the airplene with zero
dibedral showed an undesirable tendency to bank and
glide into the gust. It was therefore a matter of
interest to try some modifications lying in between
these two conditions. . It was realized that the rolling
could not be entirely suppressed by such modifications
on account of the phase relationships involved in the
motions.

It appeared that 1° or 2° of effective dihedral would
give about the least banking motion in the side gust
and hence this condition was:investigated. Inasmuch
a8 the airplane might have shown a noticeable spiral
divergence at low speeds with the normal fin area, this
area was arbitrarily reduced, bringing the weathercock-
stability factor C,; down in about the same proportion
as the dihedral factor (. The values selected were
Cny=0.025 and C,,=—0.035, which corresponds to
2° effective dibedral. The position of this airplane on
the lateral-stability chart is denoted by the point A
in figure 1 (b).

The results for airplane A are compared with the
others in figures 3 (a) and 3 (b). It will be noted that
the bank is somewhat smaller than in the case with 6°
dibedral and a large fin but that the bank persists for a
longer time. The difference made by the change from
5° dihedral to 2° seems surprisingly small. A some-
what greater difference would be expected if the fin
had not been reduced. It should be borne in mind
that the yawing disturbance is reduced by cutting down
the fin,

The curve for eirplane B (fig. 3 (2)) shows the result
of attempting to secure spiral stability (at Cr=1.0)
by cutting down the fin of the airplane with §° dihedral.
(Note that airplane A is slightly unstable.) The value
of Cy, in this case is about half that assumed for the
mean condition. (See fig. 1 (b).) The banking dis-
placement seems undesirably large (comparatively) in
OTHER TYPES OF GUST

The flight velocity of the airplane being normally
large with respeot to gust velocities, it is permissible to
consider the gusts as being stationary in time with
respect to the flight path. Thus the gusts are con-
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sidered to exist as a fixed pattern in the air ahead of the
airplane and not to vary in time within the short space
required for the machine to travel its own length.

As mentioned before, when the airplane enters a
cross-current in level flight, a gradient of sidewise
velocity wlong the length of the fuselage will exist.
The effect of this gradient is similar tv the effect of a
relative yawing motion superposed on the side velocity.
For a uniform gradient the additional yawing moment
would be (—dn/dz)XN,. The calculations involved
this factor by virtue of the time lag assumed in applica-
tion of the yawing moment due to the fin, and upen
this basis they should be applicable to any reasonable
variation or gradient of sidewise velocity.

A somewhat different situation arises when the air-
plane is climbing or descending through a cross wind
that varies with height, as, for instance, when descend-
ing through the earth boundary layer for a eross-wind
landing, for then no perceptible gradient of sidewise
velocity along the length of the airplane will exist.
The motions that arise in these cases can be compounded
by integration from the motion following an initial
angle of sideslip. This motion is not greatly different
from that caused by entering a sharp cross-current and
the same general conclusions will apply.

It appears that a true yawing gust, consisting of pure
angular relative motion of the air, could act only
momentarily on the airplane. The sidewise velocity
would predominate after the first two- or three-tenihs
of a second with the airplane flying at normal speed.
Gradients of velocity along the wing span, however,
might persist for longer periods.

Away from the ground influence, gradients of for-
ward velocity and of vertical velocity along the wing
span must be considered as being about equally prob-
able. At normal flight speeds, the vertical gradients
produce by far the greater effects. As was mentioned
before, the damping of relative rolling motion is such
that the airplane very quickly takes on the angular
velocity of the gust gradient.

Figure 4 shows the rolling motion calculated for the
medium airplane (6° dihedral and 6 percent fin) in a
momentary rolling gust pd/2Up=0.05. It will be
noted that the airplane takes on approximately half
the rolling velocity of the gust within one-fifth second.

As might be expected, observations have shown that
vertical currents tend to diminish near flat ground.
Thus side gusts and yawing gradients are more likely to
affect the airplane while it is landing and taking off. At
very low speeds with flaps down, the rolling derivative
due to yawing becomes as great as that due to rolling
(see table I) so that in this econdition the airplane is
affected as much by spanwise gradients of longitudina!
velocity as it would be by the rolling gradients. (Notoe
also that the effect of the rolling gradients is less at
low speed.)

Figure 6 shows the banking reactions of the various
airplanes in a sudden, persistent yawing-gradient gust.
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The gust assumed corresponded to a difference of longi-
tudinal velocity between the two wing tips of about 9
feet per second (r/2U,=0.05). All the exemples
show roughly the same banking tendency within the
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first second, since the disturbing factors (rolling
moments due to yawing velocity) are the same in &ll
cases. The subsequent motions show the infiuence of
different degrees of spiral stebility and instability.

The primary disturbing factor in the yawing-gradient
gust being proportional to the derivative L, (rolling
moment due to yawing), the greatest room for improve-
ment would be to reduce this derivative. Taper and
washout (such as are attained with a partial-span flap)
are beneficial in this respect. It is estimated that L.
might have been reduced by one-third of the given
velue (see table I) at (.=1.8 if a 50-percent-span flap
had been assumed. The effect of plan form is not so
pronounced, leading to a reduction of one-sixth for a
4:1 taper.

In general, & reduction of the rolling moment due to
yawing seems desirable from considerations of lateral
stebility. The magnitude of this derivative with con-
trols fixed is, like that due to rolling, primarily a con-
sequence of the general lay-out of the airplene and is
not dictated by considerations of stability. It appears,
however, that the magnitude of L, with controls free
(or loosely held) could be reduced or reversed by mak-
ing use of an appropriate combination of ailerons with
increased upward pressure (attained by cambering the
gilerons) and a differential linkage, as described in
reference 10. An appropriate linkage would eliminate
the necessity of applying contrary aileron pressure
during steady turns and would also eliminate the spiral
instability with controls free.

CONCLUDING REMARKS

A study of the effects of gusts gives different indica-
tions depending on the interval of time considered.
During the first stages, the upsetting movements of the
stable airplane may be more severe than those of a
slightly unstable one. If the airplane is under control
and if the gusts are of noticeable magnitude, ther the
motion during the first 2 or 3 seconds is of primary
concern. For uncontrolled flight or for flight in rela-
tively calm air where disturbances could become ap-
parent only through introdueing o divergence, the later
stages of the motion are of interest.

In a consideration of the early stages of the motion,
it is evident that the requirements of fin aree and
dihedral for spiral stability at low speed conflict some-
what with the requirements for steadiness in side gusts.
If spiral instability is present, the rates of divergence
introduced by various disturbances appear to be small
as long as there is @ moderate dihedral action present.
The condition of zero (effective} dihedral leads, how-
ever, to definitely undesirable rates of divergence.

If average weathercock stability (C,,=0.05 to 0.07}
is assumed, the optimum magnitude of the rolling de-
rivative due to sideslip for steadiness in side gusts
appears o be about (';,,=—0.01 to —0.04, correspond-
ing to an effective dihedral of 1° or 2°. Spiral stability
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throughout the flight range could be secured with this
dihedral by cutting down the fin effect. The latter
change would lead to somewhat greater banking dis-
placements in the gusts and would also be detrimental
to aileron control, unless such control were obtained
without adverse yawing moments.

The damping of rolling is such that the airplane very
quickly takes on any rolling component of gust velocity.
The usual modifications of the lateral-stability factors
have but little influence on the immediate effects of the
rolling gust. An automatic device, acting so as to cut
down the damping of rolling (relative to the air),
should be advantagecus. from considerations of riding
comfort.

The effects of longitudinal gradients of gust velocity
become fairly large at low flight speeds. Noticeable
improvement can be obtained by the use of partial-
span flaps or by otherwise concentrating the lift toward
the center of the wing, but this conclusion applies, of
course, only as long as no portion of the wing is brought
near the stalling point.

LaNGLEY MEMORIAL AERONAUTICAL LABORATORY,
NarioNAL Apvisory COMMITTEE FOR AERONAUTICS,
LaxeLey FiELp, VA., June 8, 1938.
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